This work studies the volumetric (V E m ) and energetic (H E m ) properties resulting from the mixing processes of binary systems and the corresponding ternary of two methyl esters (methanoate and pentanoate) with methanol. The three binaries produce net endothermic mixing effects, with important energetic interactions, with maximum values of H E m ffi 400 J Á mol À1 , for the (ester + ester) system. This produces expansive effects V E m > 0, but the binaries of the (methyl esters + methanol) give rise to contractions V E m < 0, due to the formation of molecular aggregates. The endothermicity in the mixing processes is a net effect which is justified by interactions of different nature, especially dipolar interactions and hydrogen bonds of the substances involved. The overall results in the ternary respond to the individual contributions of the binaries and the increment due to the simultaneous presence of the three compounds in the solution. The experimental results are correlated with our own model that gives a good representation of the properties of the solutions studied. The analysis of the behavior of the solutions is reinforced by spectral data obtained by 1 H NMR, supporting the structural model established. The application of UNIFAC to estimate the H E m in the ternary improves when one takes into account the individual contributions of the (ester + ester) interactions whose parameter are predetermined.
Introduction
The line of work followed by our research team aims to understand the behavior of systems containing esters with alkanols, compounds present in some biodiesel. Some works in this field [1] [2] [3] [4] [5] [6] [7] , have provided a large amount of experimental data of interest for studies into biofuels and the design of equipment. However, the experimental information produced is still insufficient, especially that referred to certain structural aspects of those solutions and their physicochemical behavior. Some of these points have been addressed in a previous work [8] on a ternary of two ethyl esters with dodecane, where interesting and useful information was presented about the mutual interactions between ethylic esters, which is also of value for the analysis proposed here.
One of the justifications of this line of work is that the growing demand for energy makes it necessary to find new sources and technologies, with less environmental impact. Hence, some research focuses on searching for more environmentally-friendly fuels, which are less polluting and have better O/C ratios. This can be achieved by using additives that facilitate combustion and reduce emissions. Families of compounds such as ethers and alkanols have been tested as additives for gasoline [9] [10] [11] and biodiesel engines [12, 13] . In some patents [14, 15] methyl methanoate is proposed use as an additive in fuels, for its high O/C ratio. The advantage of using additives is that they can be used without significant changes in existing combustion systems. Another known alternative is to use bioalkanols and biodiesel, which can provide some environmental benefits [16] , although they present less calorific power [17] .
Our investigations on properties of solutions of compounds of this nature that may provide additional information are included in this research line. Mixing quantities were obtained, V E m and H E m at T = 298.15 K of the ternary (methyl pentanoate (1) + methyl methanoate (2) + methanol (3) ) and their corresponding binaries. Methyl pentanoate was chosen as a candidate for study [18] forming part of a biodiesel produced by transesterification with methanol. The presence of methyl methanoate as an additive has already been exposed. We are especially interested in determining the behavior of (ester + ester) solutions, especially the nature of the interactions of (methyl pentanoate + methyl methanoate), which can provide information on the role of this additive in solution, to supplement a previous initial study [8] , since there are very few studies on (ester + ester) solutions [19] . Studies in this field show that these solutions present very weak enthalpic effects, but that these reach significant levels when the esters have very different polarities, even without taking into account effects due to hydrogen bonds and their repercussions on the mixing processes of the alkyl alkanoates, mainly derived from the strongest organic acids (formic > acetic > etc.).
For the systems studied, the literature contains V E m [20] and H E m [21] data for the binary (methyl methanoate (2) + methanol (3)), which are used for purposes of comparison. However, data were not found for the two binaries containing methyl pentanoate. For purposes of clarification, the experimental values obtained are correlated with our own model that has produced good results in previous works [7, 8] , for which the parameters need to be identified. Conclusions about the behavior of these systems are supported by a spectral analysis obtained by 1 H-NMR. Some aspect of the modeling, whose usefulness is interesting to optimize the processes mentioned, is carried out using the evaluation of results obtained by theoretical methods employed in process simulators, such as the UNIFAC method [22] . Special interest is to check if the numerical values of the HCOO/COOC interaction in binaries affect the results of solutions of more than two components.
Experimental

Materials
The products used, of high commercial quality, were supplied by Aldrich. The purity was verified by GC, giving values almost identical to those indicated by the manufacturer, see table 1. However, products were degassed by ultrasound for several hours and stored in topaz-colored bottles (over 0.3 nm Fluka molecular sieve), in the dark for several days to remove traces of moisture. Esters and methanol are hygroscopic, so the water content was determined by Karl-Fisher coulometric titration, approximating 50 ppm in all cases. After these operations, the quality of the products was verified again by GC and was found to have a slight improvement for some substances, compared to initial values. The most important characteristics of the products: refractive index n D , and densityq, at T = 298.15 K, are recorded in table 2, and are comparable to data published in the literature.
The apparatus were calibrated using bidistilled water [q = 997.04 kg Á m À3 (T = 298.15 K)] and degassed in our laboratory, and nonane [q = 713.85 kg Á m À3 (T = 298.15 K)], which was subjected to the same treatment indicated above for other products; the quality and the source of these substance are given in table 1.
Apparatus and procedures
The water content was determined by a Mettler C-20 Karl-Fisher titrator and a HP-6890N GC from Agilent was used for evaluate the quality of products. Densities of the pure compounds and mixtures were measured with an Anton Paar DMA 60/602 digital densimeter (q ± 0.02) kg Á m À3 , maintaining the temperature at (298 ± 0.01) K using a 1166D Polyscience thermostatic water-bath. The densimeter was calibrated with water and nonane using a procedure described previously [23] . Densities were used to calculate the excess volumes of binaries [(V E m ± 2 Á 10 À9 ) m 3 Á mol À1 ; x ± 0.0002] and ternaries [(V E m ± 5 Á 10 À9 ) m 3 Á mol À1 ; x ± 0.0005]. Refractive indices (n D ± 0.0002) of the pure compounds were measured with a 302 Abbe refractometer by Zuzi. The apparatus was maintained at a constant temperature of (298.15 ± 0.01) K using a Polyscience 9012 circulating water-bath, and was calibrated with water, assigning as exact value that shown in ref [24] . The mixing enthalpies [(H E m ± 1%) J Á mol À1 ; x ± 0.0002] at a temperature of (298 ± 0.01) K were measured directly with a MS80D Calvet conduction calorimeter by Setaram. Calibration was carried out by applying a Joule effect provided by an external power source, to simulate analogous thermograms to the mixing process. Correct functioning of the system was checked using the standard mixture of (cyclohexane + hexane) [27] .
The working procedure followed to obtain the mixing quantities, V E m and H E m , of the ternaries was analogous to that used in a previous work [8] . By means of successive weighing, solutions (ffi40 cm 3 ) of known concentrations of (methyl pentanoate (1) + methanol (3)) were prepared. Each solution (considered as a pseudocomponent) was then used to determine the excess property, V E m or H E m , of a pseudobinary system, now using the methyl methanoate as a second component. In this way, series of data are obtained whose compositions obeying a constant ratio of x 1 /x 3 .
For the structural analysis of the pure compounds and solutions, a 300 MHz Bruker 1 H NMR spectrometer was employed to take measurements at T = 293 K, using Cl 3 CD (see table 1) in concentric capillaries to achieve the lock. Chemical shifts were measured in relation to the signal of TMS (d = 0) (see table 1), dissolved in Cl 3 CD. Table 3 shows the experimental values of (x 1 ,q,V E m ) at T = 298.15 K for the binaries (methyl pentanoate (1) + methanol (3)), (methyl methanoate (2) + methanol (3)), and (methyl pentanoate (1) + methyl methanoate (2)). The empirical formulation is given for: H 2uÀ1 C u OOCH 3 (u = 1,5) for the methyl esters and CH 3 (OH) for methanol. Table 4 shows the corresponding values of (x 1 , H E m ) for the same binaries. Values of the mixing properties are recorded graphically in figure 1(a) and (b). Both data sets were correlated by a polynomial equation as a function of the composition of one of the compounds of the studied system. If the referenced compound is the first-mentioned, the equation is:
Presentation and correlation of experimental data
where
corresponding to the variable called the active fraction of the property considered. For the moment, no single significance is assigned to the ''k'' ratio, as its meaning depends on the property to which it is applied, although this parameter is known to be associated with the nature of the compounds in solution. Hence, when equation (1) is applied to volumes, this ratio between two compounds i À j is identified by the quotient of molar volumes of the substances:
The parameters k jÀi of the three binaries are not independent of each other, and obey the relationship: k 3À2 k 2À1 = k 3À1 , regardless of the property under study.
Correlation of H E m values for the binaries is also carried out with equation (1), but now the t i parameters of equation (2) are associated with a characteristic of the compounds that produce the energetic effects in the mixing process. With this hypothesis, enthalpic results are largely a consequence of the contact surfaces of the molecules. That is, to advance the theoretical version of the model (equation (1)) is particularly interesting to define the meaning of Experimental densities in q/(kg Á m À3 ) measured at T = 298.15 K and atmospheric pressure and excess molar volumes 10 9 Á V E m =m 3 Á mol À1 calculated for the binaries indicated below.
x 1 q=kg Á m À3 and atmospheric pressure for the binaries indicated below. the ratio k jÀi and fix for the property under study. One method that can be used is to calculate the parameter k jÀi by considering it to be the quotient of normalized values of Van der Waals volumes for the case of k jÀi v mentioned previously, and of surfaces for the case of the own parameter of H E m , k jÀi h . The simplest approach is to propose that the molecule generates a spherical envelope in its Brownian motion, resulting in a geometric ratio of surface/volume. Therefore, it is useful to identify the ratio, for example, with the parameters calculated by Bondi's method [28] , which, in turn, are normalized values corresponding to the Van der Waals surface and volume, see table S1 (supplementary material), as shown below: surface volume
For two substances i À j:
this corresponds to a correction of theoretical ratios k q and k r , since these parameters themselves do not take into account changes in temperature, nor do they vary with the regioisomers. Another method proposed in the literature to obtain these ratios directly is that suggested by Connolly [29, 30] , in which molecular surface and volume are calculated independently. Table S1 records the values obtained for pure components and the k jÀi values for the binaries studied, showing the numerical similarity among the values obtained by different methods. The methodology proposed by us above presents minor differences with the Bondi parameters method, with the advantage that the temperature variations and differences between regioisomers are considered.
In the treatment of the ternary, a previous consideration is taken into account, that the values of k jÀi v and k jÀi h for the three binaries are not independent, in each property obeying the
Experimental data of the binaries are correlated with equation (1), using a non-linear regression procedure that optimizes the following objective function (OF):
To obtain an expression that is applicable to the ternaries, the origins of equation (1) must be considered. This corresponds to a generalization for multicomponent systems, comprised by n substances, which generate a recurrent expression that condenses in:
where N is the order of the molecular interaction considered and the term Y
represents the partial contribution of the excess property Y E m owing to the interaction of (n À 1) different species to a maximum order of interaction N. On the contrary, each (1) (1) in the correlation of excess molar properties obtained at T = 298.15 K and atmospheric pressure of the binaries formed by two methyl esters and methanol. and reach the corresponding binary interactions. The term T n ÁP N essentially represents the multiple product of the active fractions of the n substances and a polynomial, for which the degree is determined by N. The general form of T n , expressed in terms of the active fractions z i , using a generalized form of expression (2), becomes:
Binary system
for the case that concerns us here, with n = 3 an interactional order of 4 or 5 appears to be sufficient. By considering the terms corresponding to the Y EðiÀjÞ m;2;5 of equation (6), it is necessary to take into account the contributions due to the possible combinations C ⁄ (3,2) of three substances taken two by two, i À j, using interactions of up to the fifth-order to reproduce the tendency of the properties obtained by experimentation. By applying model (6) , and the term T n of the equation (7), to the case of a ternary with the specified number of interactions, we obtain the following expression:
Optimization of the C i parameters is carried out by a non-linear procedure, analogous to that used in adjustment of the binaries, and using the same OF as that used for the binaries. In this work it was necessary to consider a high degree of interaction (fifth order) due to the complex distribution of experimental points Uncertainties u are: u(T) = ±0.01 K, u(q) = ±0.02 kg Á m À3 , u(x) = ±0.0005, u(10 9 Á V E m;123 ) = ±5 m 3 Á mol À1 x 1 o x 2 : mixing compositions referenced to compound 1 or 2, respectively. x 0 resulting from different interactional effects. In previous work, with solutions containing esters and alkanes, an interaction degree of fourth order was considered sufficient.
Excess volumes
Representations of (x, V E m ) data by curves corresponding to the binaries in study, obtained with equation (1) and the coefficients resulting from applying the afore-mentioned procedure, table 5, are shown, respectively, in figure 1(a) . Regarding the volumetric analysis, it is noteworthy that solutions of (methyl pentanoate (1) + methyl methanoate (2)) present expansive effects V E m > 0, which are three times higher in absolute value than those of (methyl methanoate (2) + methanol (3)) and six times higher than those of (methyl pentanoate (1) + methanol (3)), see figure 1 (c). The appearance of weak interactions, see also enthalpic results, together with steric impediments owing to the size differences between the hydrocarbon chains of the two esters, are reflected in higher volumetric expansions. By contrast, the volumetric effects of the binaries (methyl esters + methanol) give rise to contractions, with V E m < 0, which increase (decrease in absolute value) with the alkanolic chain length of ester, being ðdV E m =duÞ p;T > 0. These observations suggest the presence of molecular aggregates in the systems chosen. A study was found in the literature [20] for the system (methyl methanoate (2) + methanol (3)) at T = 298.15 K, for which the V E m data are represented in figure 1(a) . In the comparison, it can be observed that our values are clearly asymmetrical to those reported by Polak and Lu, although the correlation curve in their paper is quite similar to ours; this would suggest that the molar fraction of the data presented by these authors is incorrect.
The densities of the ternaries (methyl pentanoate (1) + methyl methanoate (2) + methanol (3)) were measured as described in Section 2.2. Binary mixtures of the methyl methanoate with 5 pseudocompounds are produced by synthetically mixing the two remaining products at predetermined compositions x 0 1 . Table 6 collects the direct experimental data (x 1 , The mathematical treatment of volumes in the ternary was done by applying equation (8) . The C i coefficients are shown in table 7, together with the standard deviations, OF defined by equation (5) . The surface V E m = V E m (x 1 , x 2 , x 3 ) generated by equations (1) and (8), using the k jÀi v of the corresponding i À j pair, is represented in 3D in figure 2(b) . The correlation curve shown in Figure 2(a) represents the projection of this surface on the plane x 2 -V E m;123 . Figure 2(c) shows the isolines of different V E m;123 projected on the compositions-plane. It can be observed that this amount does not increase monotonously as the composition of methanol in the solution diminishes. There is a local minimum in the interior of the surface at values around x 1 % x 2 % 0.1 for both esters, and a high methanol concentration, shown by a confluence of level curves at the specified composition. As mentioned previously, there are contractive effects in the regions close to the binaries of methyl esters with methanol, in the superior vertex of the triangular representation of figure 2(c).
Excess enthalpies
Experimental values of (x 1 , H E m ) for the three binaries studied here, measured at T = 298.15 K, are recorded in table 4 and their representations are shown in figure 1(b) . All the processes are 
TABLE 7
Coefficients C i of equation (8) and standard deviation sðY E m Þ obtained in the correlation of mixing properties for the ternary (methyl pentanoate (1) + methyl methanoate (2) + methanol (3)) at T = 298.15 K. endothermic, with H E m > 0, but quantitatively different because of the type of interactions taking place. In addition to the results for the binaries (methyl-ester + methanol), those obtained for (ester + ester) binaries are also of interest, see figure 1(b) , with a maximum close to 400 J Á mol À1 in the case of (methyl pentanoate (1) + methyl methanoate (2)). In figure 1(c) , the equimolar H E m of these systems are compared with others previously published and those obtained additionally to explain the behavior of the mixtures, although not formed part of this work. It can be observed that the increase in ester chain, R 1 COO-R 2, both the acid part R 1 or the alkanolic R 2 , weaken the (dipole + dipole) interactions, with a resulting drop in the H E m values. This decrease also occurs with systems of (esters + alkanols), as shown in figure 1(b) . The H E m data for the binary (methyl methanoate (2) + methanol (3)) differ from those presented by other authors [21] by around 150 J Á mol À1 ; the numerical values in that cited study are similar to those given for the binary (methyl pentanoate (1) + methanol (2)). The data were correlated with equation (1) using the parameter k jÀi h established by equation (4), with a good quality of fit.
Because of possible relevance of these binaries in some of the processes indicated in the introduction, the H E m were estimated by the UNIFAC method [22] . As can be observed in figure 1(b) , the estimation of that property for (ester + ester) system is contrary to real values, with the distribution adopting a sigmoidal : excess enthalpy for the binary formed by the compound 2 and the pseudobinary (methyl pentanoate (1) + methanol (3)).
form. The theoretical representation of the H E m for the (methyl ester + methanol) is not acceptable either, giving values 30% lower than experimental values, as the model does not take into account the acid chain length of the methyl alkanoate. The results suggest that the group contribution model must consider the specific interaction, since in some cases is quantitatively significant. (2) to the pseudocompound, which is a synthetic solution of (methyl pentanoate (1) + methanol (3)); from which, six different solutions were prepared x 0 1 . Figure 3 for the binary 1-3 (equation (1)). Data for the ternary, shown in of equation (8)), the equation (1) and the coefficients exposed in table 5. The C i coefficients of the ternary are determined as described previously, see table 7 . Although the quality of fit is considered to be acceptable, some differences are observed in figure 3 (a) with experimental values. Figure 3 The UNIFAC group contribution model transfers the errors made in the binary estimation, already discussed, resulting in inadequate predictions, as shown by the isolines (in red) of the triangular representation.
1 H NMR spectral analysis
A 1 H NMR spectral study was carried out and the chemical shifts d of protons were observed, for the different compounds studied. The values of these are recorded on the corresponding structures of figure 4(a) to (c), which also shows the characteristic identifier for each signal. Similarly, the corresponding study was also conducted for the binary and ternary mixtures, at known compostions, and the results are shown in figure 5 (a) to (d). Diamagnetic or paramagnetic shifts Dd versus composition for the binary of the two methyl alkanoates ( figure 5(a) ) are weak, associated with a slight change in polarity of the medium. The two solutions of (methyl ester + methanol), figure 5(b) and (c), show, respectively, small diamagnetic and paramagnetic shifts as the composition of the ester increases, justified by the increase in polarity mentioned, and the anisotropies of the -COO-groups. In the same figures it can be observed that the hydroxylic proton of methanol presents significantly pronounced diamagnetic shifts (Dd) with the alkanoate composition (signal h), related to an effect of hydrogen bond heteroassociation OHÁ Á ÁOOC, see figure 4(d) . This binding is weak compared to the autoassociation of the alkanol molecules, shifting toward greater intensities of magnetic field (reduction of d).
The ternaries were measured for a constant ratio (methyl pentanoate + methanol), generating a pseudocompound, as indicated previously in the determination of properties, to which known quantities of methyl methanoate were added later. The results of the chemical shifts are shown in figure 5(d) relative to the composition x 2 , of the methyl methanoate. As expected, the signal of all the protons is transferred (note the slight increase in paramagnetic shifts) as the methanoate composition increases. The exception to this is seen by the signal corresponding to the proton of -OH of alkanol that does so diamagnetically (signal h), partially attributable to the anisotropy of the carbonyl group (see figure 5(d) ). The chemical shift in the ternary can be observed to be quantitatively inferior to that of both binaries ( figure 5(b) and (c)), reflecting a weaker heteroassociation effect compared to the binaries.
Conclusions
The properties of H E m and V E m have been determined experimentally for the ternary comprised of two methyl alkanoates (methanoate and pentanoate) and methanol, and for the corresponding binaries. The data obtained have given rise to the following discussions and conclusions, depending on the nature of the compounds in the solutions.
(Ester + Ester)
The mixing process of methyl pentanoate with methyl methanoate produces H E m > 0 and V E m > 0, mainly resulting from the (dipole + dipole) interactions and the rupture of the hydrogen bonds of the methyl methanoate (autoassociation). Figure 1(c) collects some equimolar H E m values using other binaries (ethyl alkanoates) different to those from this work. All this will be the subject of future research. Using the UNIFAC method HCOO/ COOC interactions were calculated (distinguishing between the ethanoate and non-ethanoate groups) substantially modifying the representation of the model, see figure 1 (b) for the (methyl pentanoate (1) + methyl methanoate (2)) mixture. Obviously, the values found affected positively in the estimation of the energetic interaction of the ternary, as shown in figure 3(c) . In summary, the group contribution method should be adequately modified to evaluate the different interactions when compounds of the same chemical nature give place to specific interaction. Spectral data obtained with 1 H NMR are coherent with these deductions since, as the amount of pentanoate is reduced, the paramagnetic shifts of the signal are partly due to the decreased polarity of the solution. The weaker interactions, together with the impediment due to the size of the acid chain of the methyl pentanoate, cause empty spaces to appear between the molecules in the solution, giving rise to volumetric expansions in these mixtures.
(Ester + Alkanol)
In the binaries of (methyl methanoate or methyl pentanoate + methanol), the volumetric effects of contraction are noteworthy, and the energetic effects resulting from the mixing process, which in this case would be the algebraic sum of positive (endo) and negative (exo) energetic interactions, the latter characteristic of an aggregation process or a molecular heteroassociation in the final solution. The spectral study by 1 H NMR confirms this grouping by showing the formation of pseudo-hydrogen bonds, which are weaker than those corresponding to the auto-association with alkanol. In figure 5(b) , signal h (corresponding to the hydroxylic proton) presents a reduction in the chemical shift in the mixture of (methyl pentanoate (1) + methanol (3)), while in figure 5 (c), the slope (dd/dx 1 ), corresponding to (methyl methanoate (2) + methanol (3)) is greater than in the previous case, as to be expected. The UNIFAC model does not take into account the specific interactions of these mixtures.
(Ester + Ester + Alkanol)
In the ternary solution it is necessary to compute the interactions belonging to the pure components, and also those of the binaries. Moreover, the coexistence of molecules from three different species produces a synergy, with differences in the real thermodynamic quantities in the order of those to be expected by summing the effects of the binaries. Figures S1a and S1b (supplementary material) represent, respectively, the values of DV E m;123 and DH E m;123 , which, mathematically, correspond to the last summand of equation (8) . These quantities constitute the individual contribution in each of the specified quantities (V E m;123 and H E m;123 ) due to the simultaneous presence of three components. Hence, the contribution of DV E m;123 to the global volumetric effect is small and, generally, positive and decreases with increasing composition of methyl pentanoate, to reach even negative values (see figure   S1a ). However, the specific contribution of DH E m;123 to the overall energetic calculation is more significant (see figure S1b) and, in most cases, corresponds to 11% of the total amount. This is 
